Local Refractive Index Measurements at Low Temperatures using Photonic Crystal 
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Photonic crystal cavities have a wide range of applications in physics today. Here we demonstrate 
a method to use the narrow resonances of photonic crystal cavities to measure the temperature 
dependence of the refractive index of gallium phosphide in a temperature range between 5 K and 
near room temperature at a wavelength of about 605 nm. On one hand, this is an essential step for 
the design of GaP photonic crystal structures for quantum technology applications. On the other 
hand, this demonstrates how photonic structures can be utilized to locally determine the optical 
properties of semiconductor materials in attoliter volumina. 



Photonic crystal (PC) nano cavities have increasing 
importance for quantum optics, photonics and sensing 
applications^. The main reason for this is their ability to 
confine the electromagnetic field in volumina compara- 
ble to the cubic wavelength and thus to strongly enhance 
the light-matter interactional. Using PC cavities not 
only the Purcell enhancement of single quantum emitters 
could be showrP"3, but also the strong coupling regime 
of cavity quantum electrodynamics was reached with sin- 
gle quantum dots in PC cavities-^. With such systems, 
lasing oscillations of a single quantum dofr^ and the ul- 
trafast all-optical switching by single photons could be 
demonstrated recently 11 . For most of these experiments 
it is mandatory to cool the system to liquid helium tem- 
peratures, where the emission properties such as emission 
rate and coherence of most quantum emitters improve 
drastically^. However, at cryogenic temperatures also 
the optical properties of the photonic crystal slab ma- 
terial change dramatically, leading to a shift of the res- 
onance wavelength and quality factor Q^. I n orde r to 
fabricate complex integrated quantum circuitsSELLJ] the 
individual elements such as cavities have to be designed 
as precisely as possible. Therefore, design and material 
properties should be known a priori. One crucial aspect is 
the on-demand fabrication of a PC cavity with a specific 
Q and resonance at 5 K temperature. The resonance shift 
from room temperature to 5 K has two contributions: the 
change of the refractive indexP^l and the change of the ge- 
ometry due to thermal expansion^. 

In this letter we investigate GaP photonic crystal 
structures, operating in the visibkPE3. In this material 
thermal expansion can be neglected and the only rele- 
vant process is the change of the refractive index r i 15 l 16 [ 
We quantify n precisely over a wide temperature range 
by measuring the resonance of photonic crystal cavities 
operating at a wavelength of about 605 nm in the tem- 
perature range between 5 K and near room temperature. 
Our method can be extended to any wavelength within 
the band gap of the material. We show that not only 
the resonance wavelength shifts by several nm, but also 
the Q-factor may increase by a factor of two if the PC is 



cooled to 5 K. 

First, we designed 55 nm thick free-standing photonic 
crystal slabs (lattice constant 209 nm) with so-called L3 
cavities 2 using FDTD simulations (Lumerical). These 
cavities are formed by three missing holes in a triagonal 
lattice. They support several spectrally narrow modes of 
high quality factors^. The electromagnetic field of the 
fundamental mode is concentrated mainly within GaP on 
about seven unitcells, corresponding to a material volume 
of 14 attoliter (see Fig. 1). The emission profile of this 
fundamental cavity mode is polarized perpendicular to 
the cavity axia^S, a feature that we will use later on to 
measure the cavity resonance. The spectral position and 
Q-factor of the mode depends not only on the geome- 
try (lattice constant, hole radius, slab thickness), but as 
mentioned also strongly on the refractive index of the PC 
material P2I 
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FIG. 1. (Color online) a) Simulated (FDTD) electric field 
profile in the slab center and cross-section of the fundamental 
mode of the cavity. The dashed red line indicates the seven 
unitcells in which the field is concentrated, b) Atomic force 
micrograph of the L3 cavity in GaP. The lattice constant is 
209 nm. 



For example, changing the refractive index of the PC, 
which has a volume of about 100 attoliter by about 0.01% 
corresponds to a wavelength shift by (54 ± 1) pm, which 
can be detected by a spectrograph and is relevant for ex- 
periments with high-Q cavities. 7 FDTD simulations un- 
ravel that in the studied regime the change of the reso- 
nance with the refractive index does not depend on the 



thickness of the photonic crystal slab (Fig. 2). Thus, a 
change in the resonance wavelength is a very precise mea- 
sure for changes in the refractive index, even if the exact 
geometry is not known. 

We fabricated the designed structures by electron 
beam lithography from 59 nm thick heteroepitaxial 
gallium phosphide (GaP) layers deposited on Si(100) 
substrates! 20 " 22 ! The structures were transferred to the 
GaP layer by dry-etching with BCI3 and subsequent re- 
moval of the underlying Si layer by isotropic dry-etching 
with SFg. After processing, the quality and geometric 
precision of the structures were measured using scanning 
electron and atomic force microscopy (AFM). Fig lb) 
shows an AFM image of the fabricated structure. To 
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FIG. 2. (Color online) Simulated dependence of the first cav- 
ity resonance wavelength on the refractive index for various 
hole radii (a) and slab thicknesses (b) . The behavior is nearly 
linear and the slope does not depend on the thickness of the 
slab or on the hole diameter in the studied regime. 

control the cavity temperature within a wide range, the 
sample was mounted on the cold finger of a continuous 
flow He-cryostat. By changing the He- flow and additional 
heating the temperature could be precisely regulated in 
the range between 5 K and 300 K. In parallel, the spectral 
position of the cavity resonance was measured. Usually, 
the intrinsic material fluorescence under incoherent exci- 
tation is analyzed with a spectrograph for this purpose^. 
Here, this method could not be applied, as the excitation 
of fluorescence requires relative strong lasers (in the order 
of 10 fiW), which would unavoidably heat the PC cavity. 
To avoid this heating, we analyzed the reflected light in 
the crossed polarization scheme^. In this scheme only 
very low illumination power is needed (P < 100 nW). By 
doubling the power and comparing the position of the 
cavity resonance we could guarantee that the radiation 
has negligibible influence on the cavity temperature (< 
1 K). 

In detail, the cavity is illuminated with a vertical polar- 



ized collimated white light beam from a super continuum 
source (NKT Photonics SuperK) focused on the cavity 
by a microscope objective with a numerical aperture of 
0.9 (Mitutoyo), which is placed inside the insulation vac- 
uum of the cryostat. Importantly, the axis of the cavity 
is rotated by 45° with respect to the incident polariza- 
tion. The reflected light is collected through the same 
objective lens, but only the horizontal polarized compo- 
nent of the reflected light is detected with a 500 mm 
spectrometer (Acton SpectraPro 500i) in a confocal con- 
figuration. A sketch of the setup is shown in Fig. [3j If 
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FIG. 3. (Color online) Sketch of the optical setup to measure 
the cavity resonance in the cross polarized detection scheme. 
The sample with the PC cavities is placed in the vacuum 
of a continuos flow He-cryostat to regulate the temperature. 
Through an objective lens with high numerical aperture the 
PC cavity is illuminated with vertical polarized white light 
(~100 nW) from a supercontinuum source. The horizontal 
polarized component of the reflected light is detected in a 
confocal scheme by a spectrograph. The cavity axis is rotated 
by 45 degree with respect to the polarization basis. Thus, the 
polarization of the reflected light is slightly rotated at the 
cavity resonance. See text for details. 

the incident light is not in resonance with the cavity, the 
beam is simply reflected and can not be detected by the 
spectrometer. If the light is in resonance with the cavity, 
there are two effects which slightly rotate the polariza- 
tion and therefore can be detected on the spectrometer. 
On one hand, a small fraction of the resonant light will 
couple into the cavity and is not reflected. As this light 
is polarized perpendicular to the cavity axis, i.e. not par- 
allel to the incident vertical polarization, the remaining 
part of the light which is reflected has a small horizon- 
tal polarized component. On the other hand, the light 
that couples into the cavity will be reemitted later. As 
the cavity mode is polarized along the preferential axis 
of the cavity the reemitted light reaches the spectrome- 
ter, too. This light is phase shifted with respect to the 
directly reflected one and interferes on the detector of 
the spectrometer with the latter. As a result of these 
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FIG. 4. (Color online) Example of the measured spectra and 
the corresponding fit with three Fano resonances at (637.03 ± 
0.01) nm, (630.59 ±0.01) nm and (627.68 ±0.01) nm of an L3 
cavity with hole radius r = 50 nm. The spectrum was taken 
at a temperature of 300K. 



two interfering components, the cavity modes appear as 
Fano-resonances of the form: 



F(X) =A + F 



[ q + 2(\-\o)/ry 

1+ [2(A - A )/rf 



(1) 



where Ao is an offset, Fo is the amplitude of the res- 
onance, Ao is the resonance wavelength, T = X/Q the 
normalized resonance width and q the ratio of the am- 
plitudes of the two paths^. Fig. 4 shows an example 
spectrum of a cavity with a hole radius of 50 nm and 
the fundamental resonance at about 637 nm, taken at 
room temperature. The spectrum can be perfectly fit- 
ted with three Fano-resonances. The fundamental mode 
supports the highest Q-factor of Q = 580 ± 50. With the 
value from Ref!^ for the refractive index at T = 300 K 
the slab thickness is estimated according to Fig. 2 to be 
about 55 nm. 

In the following, the resonance wavelength of the fun- 
damental mode of a cavity with hole radius r = 63 nm 
fabricated on the same sample was measured at various 
temperatures between 5 K and near room temperature. 
We calculated the refractive index n from the change of 
the resonance wavelength according to the relation 



n(T) = n 30 0K + [A(T) - \ 3 ook] • a 55 , 



(2) 



with the refractive index at room temperature n 30 QK — 
3.34537 from RefP3, the measured resonance wavelength 
at room temperature X30QK — (608.20 ± 0.01)nr7i and 
the slope 055 = 1/(163.36 ± 0.01)nm gained from the 
FDTD simulations for a slab thickness t of 55 nm (Fig. 
2). The resulting data and fitted curves are shown in 
Fig. 5. Above 100 K the refractive index changes linearly 
according to 

n(T) = 3.290 ± 0.001 - (180 ± 20) • 10~ 6 • T/K (3) 

This is in very good agreement with the already known 
values from RefP^J. Interestingly, the slope decreases at 



FIG. 5. (Color online) The measured cavity resonance wave- 
length Xrss (right axis) and the calculated refractive index 
of GaP (left axis) between 5 K and 300 K. The data above 
100 K are in good agreement with Ref.^. 



a temperature of T 
follows 



100 K and the refractive index 



n(T) = 3.302 ± 0.001 - (67 ± 7) • 10~ 6 • T/K (4) 

We also tried to fit the entire dataset shown in Fig. 5 
with an exponential function, but the two slopes model 
represented by Eqns. (3-4) is clearly more accurate. The 
change in the slope at about 100 K is qualitatively in 
agreement with older measurements of the low frequency 
dielectric constant from RefP-R 

According to FDTD simulations the Q-factor is almost 
unaffected by a small change of the refractive index. Sur- 
prisingly, we find experimentally that the decrease of the 
refractive index is followed by an increasing Q factor 
(Fig. 6). Starting with a value of 560 ± 50 at room- 
temperature, the Q-factor of the fundamental mode in- 
creases linearly with decreasing temperature. The high- 
est measured Q-factor of 1150 ± 50 is more than two 
times higher than the initial value at room-temperature. 



Fundamental Mode 
Linear Fit 




100 150 200 
Temperatur in K 



FIG. 6. (Color online) The measured Q-factor of the funda- 
mental cavity resonance increases with decreasing tempera- 
tures. The highest measured value of Q = 1150 at T = 42 K 
is about two times bigger than the value at room temperature. 



This behavior is probably attributed to reduced material 
absorptioii^Sl at low temperatures and underlines once 
more how important it is to consider not only the de- 
sired operation wavelength, mode volume and Q-factor, 
but also the operation temperature of photonic crystal 
cavities. 

In conclusion, we demonstrated how the narrow res- 
onance of a GaP photonic crystal cavity shifts due to 
cooling. From this data we precisely calculated the re- 
fractive index of GaP in the ultrasmall cavity volume 
over the whole temperature range from near room tem- 
perature to T = 5 K. This knowledge is of great impor- 
tance for the design and testing of PC structures and 
might also be used for novel PC applications. For exam- 
ple, the presented method may be used to determine the 
exact local cavity temperature. This is of great impor- 
tance if quantum emitters are coupled to the cavity, as 



the emission properties of such emitters strongly change 
with the temperature. In most previous experiments the 
temperature of the cold finger of the cryostat was given as 
a temperature reference. However, the cavity structure 
may be weakly coupled thermally to the cold finger and 
excitation light may locally heat the cavity. This is par- 
ticularly an issue when studying under-etched photonic 
crystal membrane cavities and diamond defect centers 
as e mitte rs, which require a relatively large excitation 
p 0wei EG9] Fi na ii V; th e index of refraction can be mea- 
sured via our method for any material where fabrication 
of a resonant photonic structure is possible. 
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